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(57) Abstract: Electronically tunable thick film composites of tunable phases such as barium strontium titanaie and additional di- 
electric oxide phases are disclosed. The composite thick iilms can contain multiple phases such as barium strontium titanaie and 
MgTi05, Mg2Si04. CaSi03 MgO, MgZi03, CaTiOj, Mg AI2O4, and MgSrZr'HOft. The thick films may contain iurther additives such 
as zirconnatcs, stannates, rare earths, niobates and tantalates, for example, CaZr03, BaZr03, SrZr03, BaSn03, CaSn03, MgSn03, 
Bi203/2Sn02, Nd203, Pr70,,, Yb.Ov, H02O3, l-ajOj, MgNbjOft, SrNb206, BaNbsO^,, MgTazOft, BaTazO^, and TajOs to improve the 
electronic and microwave properties of the thick film composites. The particle si/.c of these films may be controlled in order to 
optimize the electronic and microwave properties. The electronically tunable thick lilm composites may be made by techniques such 
as screen-priming or spray deposition. 
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ELECTRONICALLY TUNABLE DIELECTRIC COMPOSITE THICK FILMS 

CROSS REFERENCE TO RELATED APPLICATION 

This application claims the benefit of U.S. Provisional Application Serial No. 
60/211,788 filed June 16, 2000. 

FIELD OF THE INrVENTION 

The present invention relates to dielectric materials, and more particularly 
relates to electronically tunable dielectric composite materials provided in the form of 
relatively thick films. Methods such as screen printing and spray deposition are used to prepare 
thick Ghn composite materials comprising an electronically tunable phase such as bariimi 
strontium titanate and at least one non-tunable phase. 

BACKGROUND INFORMATION 

Phased array antennas comprise a large number of elements that emit phased 
signals to form a radio beam. The radio signal can be electronically steered by the active 
manipulation of the relative phasing of the individual antenna elements. This electronic beam 
steering concept applies to both the transmitter and the receiver. Phased array antennas are 
advantageous in comparison with their mechanical counterparts with respect to their speed, 
accuracy, and reliability. For example, the replacement of gimbal scanned antennas by their 
electronically scanned counterparts provides more rapid and accurate target identification. 
Complex tracking exercises can also be performed rapidly and accurately with a phased array 
antenna system. 

Future commxmications will require wideband commimications using 
firequency-hopping techniques, so that a large amount of digital data can be transferred over a 
bandwidth. A critical component for these applications is a low cost, fast-acting tunable filter. 
Digital data could be distributed or encoded over a band of firequencies in a sequence 
determined by controlling circuitry of the tunable filter. This would allow several users to 
transmit and receive over a conmion range of firequencies. 

Common varactors used today are silicon and GaAs based. The performance of 
these varactors is defined by the capacitance ratio, Cmax/Cmin, fi'equency range and Q (1 / tan 6) 
at the specified firequency range. The Q factors for these semiconductor varactor for 
frequencies up to 2 GHz are usually very good. However, at fi-equencies above 2 GHz, the Q 
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of these varactors degrades rapidly. In fact, at 10 GHz the Q factors for these varactors are 
usually only about 10. 

Barium strontium titanate (BaTiOa - SrTiOa), also referred to as BSTO, is used 
for its high dielectric constant (200-6,000) and large change in dielectric constant with appUed 
5 voltage (25-75 percent with a field of 2 Volts/micron). Dielectric materials including barium 
strontium titanate are disclosed in U.S. Patent No. 5,427,988 to Sengupta, et al. entitled 
"Ceramic Ferroelectric Composite Material-BSTO-MgO"; U.S. Patent No. 5,635,434 to 
Sengupta, et al. entitled "Ceramic Ferroelectric Composite Material-BSTO-Magnesium Based 
Compoxmd"; U.S. Patent No. 5,830,591 to Sengupta, et al. entitled "Multilayered Ferroelectric 

10 Composite Waveguides"; U.S. Patent No. 5,846,893 to Sengupta, et al. entitled "Thin Fihn 
Ferroelectric Composites and Method of Making"; U.S. Patent No. 5,766,697 to Sengupta, et 
al. entitled "Method of Making Thin Film Composites"; U.S. Patent No. 5,693,429 to 
Sengupta, et al. entitled "Electronically Graded Multilayer Ferroelectric Composites"; U.S. 
Patent No. 5,635,433 to Sengupta entitled "Ceramic Ferroelectric Composite Material BSTO- 

15 ZnO"; U.S. Patent No. 6,074,971 to Chiu et al. entitled "Ceranndc Ferroelectric Composite 
Materials with Enhanced Electronic Properties BSTO-Mg Based Compound-Rare Earth 
Oxide"; U.S. Application Serial No. 09/594,837 filed June 15, 2000, entitled "Electronically 
Tunable Ceramic Materials Including Tunable Dielectric and Metal Silicate Phases"; U.S. 
Apphcation Serial No. 09/768,690 filed January 24, 2001 entitled "Electronically Tunable, 

20 Low-Loss Ceramic Materials Including a Tunable Dielectric Phase and Multiple Metal Oxide 
Phases"; and U.S. Provisional Application Serial No. 60/295,046 filed June 1, 2001 entitled 
'Txmable Dielectric Compositions Including Low Loss Glass Frits". These patents and 
applications are incorporated herein by reference. 

The idea of a voltage tunable dielectric has been proposed for use in antenna 

25 appHcations, as set forth by Richard W. Babbit et al. in a publication entitled "Planar 

Microwave Electro-Optic Phase Shifters," Microwave Journal, Volume 35 (6), (Jime 1992). 
This publication concludes that a need exists for additional research to be conducted in the 
materials art to yield materials having more desirable electronic properties. 

Although various types of tunable dielectric composite materials are known, 

30 prior art methods are not conducive to the use of these types of materials in phase shifter 
applications and phased array antennas at frequencies above 10 GHz which require direct 
integration into a lithographic antenna design. Also, the dielectric constants of the bulk 
materials render them impractical or impossible for use in varactors which have capacitances of 
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less than 2 pF, and in co-planar waveguide phase sliifters where the impedance of the device 
includes the low dielectric constant substrate material. For these applications it is desirable to 
have fihns from 2-25 microns in thickne:i,s and to provide r in^thod for film deposition onto 
low cost low dielectric constant microwave substrates. \ 
5 A need has developed for the fabrication of thick film materials having 

improved electronic properties which may have ideal properties with use in, for example, 
planar varactors, tunable filters, tunable oscillators, tunable vertical single layer and multi-layer 
capacitors, co-planar and transmission line phase shifters, and phased array antennas. There is 
also a need for multi-layered thick films in the multi-layer capacitor industry in order to allow 

10 for the creation of tunab^ 'ertical capacitors that have large capacitance and are extremely low 
cost. These capacitors as well as planar capacitors form the basis of high power tunable filters 
and resonators. Additionally, a need exists for providing a low cost method of impedance 
matching using multi-layer compositions that have superior electronic properties. 

The present invention has been developed in view of the foregoing, and to 

15 address other deficiencies of the prior art. 

SUMMARY OF THE INVENTION 

The present invention provides for the fabrication of electronically timable 
dielectric composite thick film materials which reduce or eliminate polishing or pick-and-place 
techniques for insertion into devices and/or antennas. The thick films of the present invention 

20 are particularly useful in integrated antenna designs. The present Invention permits printing of 
phase shifters and antenna elements onto the same substrate, providing a tunable dielectric 
monolithilic integrated circuit. According to an embodiment of the invention, thick film 
voltage tunable dielectrics have enhanced electronic properties and are superior to thin film 
configurations because the thick films have lower loss tangents and are not dependant on 

25 substrate materials. Single crystal substrates are not necessary. Therefore, devices 

incorporating the present thick film composite materials are relatively inexpensive. For 
example, an entire anteima can be printed in a single pattern by a one-step process. 

The electronically tunable thick fihn composite materials described in preferred 
embodiments of the present invention can be used to fabricate low cost phased array antennas 

30 due to the elimination of low noise amplifiers and other electronics. Also, the deposition of the 
material onto low cost substrates substantially reduces the cost of the phase shifting elements. 

Varactors fabricated fi-om the electronically tunable thick film composites of the 
present invention can be used independently, or can be integrated into low cost tunable filters. 
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These varactors and filters can be used at numerous frequency ranges, including frequencies 
above the L-band, in many different commercial and other applications. 

An aspect of this invention to provide electronically tunable dielectric 
composite thick films suitable for use in applications such as phased array antenna systems and 
5 the like. The thick film composites of the present invention demonstrate increased txmabihties, 
reduced loss tangents, lower dielectric constants, the ability to operate at higher frequency due 
to reduced thicknesses in comparison with bulk ceramics, and the ability to reduce the overall 
size of the phase shifting components. The present invention also reduces or eliminates the 
need for machining components. A unique aspect of this invention relative to conventional 
10 thin film composites lies in the fact that the thick film composites demonstrate much lower loss 
tangents, the ability to use low cost microwave substrate materials, and much less expensive 
deposition costs. The present invention permits printing of phase shifters and antenna elements 
onto the same substrate in a single step process that does require dicing, bonding and pick-and- 
place techniques. 

15 Another aspect of the present invention is to provide a method of making 

electronically tunable dielectric composite thick films. The composites preferably comprise 
from about 30 to about 99.9 weight percent of an electronically tunable dielectric phase such as 
barium strontium titanate, and from about 0.1 to about 70 weight percent of at least one 
additional phase, hi addition to the production of single thick film layers, the present invention 

20 provides for multilayered deposition with or without interdigitated electrodes using either 

singular or multiple compositions. The ceramic particle size is preferably controlled to achieve 
optimal electronic and microwave properties. 

A further aspect of the present invention is to provide an electronically tunable 
thick film dielectric material having a thickness of from about 2 to about 25 microns, 

25 preferably from about 3 to about 15 microns. 

A fiirther aspect of the present invention is to provide a device comprising a 
ceramic substrate and an electronically tunable thick film dielectric material deposited on the 
substrate. 

Another aspect of the present invention is to control particle sizes of 
30 electronically tunable and non-tunable phases of the dielectric composite in order to control the 
loss tangents, dielectric constants and tunabilities of the thick films. 

A further aspect of the present invention is to the fabricate thick film materials 
which have sought after properties in, for example, phase array antennas as well as other 
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devices such as tunable filters. The sought after properties include a moderate dielectric 
constant, low loss tangent and high tunability. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIGS, la-lf are graphs of capacitance and loss tangent versus voltage for a 
5 thick film composite, Bao.6oSro.4oTi03 /20 weight percent MgO, at 3, 10 and 20 GHz. 

FIGS. 2a and 2b are graphs of capacitance and loss tangent versus voltage for 
thick film composites of various compositions at 10 GHz. Sample No. 2 comprises 
Bao.6oSro.4oTi03 / 20 weight percent MgO; Sample No. 4 comprises Bao.5sSro.45Ti03 / 20 weight 
percent MgO; and Sample No. 5 comprises Bao.55Sro.45Ti03/ 30 weight percent MgO. 

FIGS. 3a and 3b are graphs of capacitance and loss tangent versus vohage and 
temperature for a Bao.6oSro.4oTi03 /20 weight percent MgO thick fihn at 20 GHz. 

FIGS. 4a and 4b are graphs of capacitance and loss tangent versus voltage and 
temperature for a Bao.6oSro.4oTi03 /20 weight percent MgO thick fihn at 30 GHz. 

FIG. 5 is a graph illustrating the mtermodulation distortion of a thick film 
15 composite of the present invention. 

FIGS. 6a and 6b are graphs of the capacitance and the loss tangent versus 
voltage for a controlled particle size composite thick film of the present invention. 

FIGS. 7a and 7b are top and side views schematically illustrating a planar 
varactor fabricated firom a thick fihn composite of the present invention. 

FIG. 8 is a graph of capacitance versus voltage for a Bao.6oSro.4oTi03 /20 weight 
percent MgO thick fihn single gap planar varactor with 40 V/^im demonstrated field strength. 

FIG. 9 is a graph of capacitance versus voltage for a Bao.55Sro.45Ti03 /20 weight 
percent Mg2Si04 thick film single gap planar varactor. 

FIG. 10 is a schematic top view of a 2 GHz analog reflective termination phase 
25 shifter with a rat-race hybrid coupler and thick fihn tunable dielectric varactors. 

FIG- 11 are plots of measured phase shift; and loss tangent of a 2 GHz phase 
shifter incorporating an electronically tunable thick fihn composite of the present invention. 

FIG. 12 is measured data for a 20 GHz fm line tunable filter mcorporating an 
electronically tunable thick fihn composite of the present invention. 

FIG- 13 is measured data for a 28 GHz fin line timable filter incorporating an 
electronically tunable thick fihn composite of the present invention. 
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FIGS. 14a and 14b are top and side views schematically illustrating the design 
of a co-planar phase shifter using thick fihn tunable dielectrics of the present invention. 

FIG. 1 5 is a side view of an alternate construction of the co-planar phase shifter 
illustrated in FIGS. 14a and 14b. 
5 FIG. 16 schematically illustrates the design of a reflective phase shifter using 

thick film tunable dielectrics of the present invention. 

FIGS. 17a and 17b are perspective and side views schematically illustrating the 
design of a tunable resonator incorporating an electronically tunable thick film composite of 
the present invention. 

10 FIG. 1 S is a perspective view schematically illustrating the design of a varactor 

tuned resonator incorporating an electronically tunable thick film composite of the present 
invention. 

FIG. 19 is a partially schematic side view of a multi-layer structure comprising 
layers of electronically tunable thick fihn composites between thin film metallization layers in 
15 accordance with an embodiment of the present invention. 

DETAILED DESCRIPTION 

The present invention provides for the fabrication of electronically tunable 
dielectric composite thick fihns that have enhanced electronic properties. The thick film 
composite materials possess several advantages over other currently employed voltage tunable 

20 materials. The present thick film materials are preferably designed for dielectric constants of 
from about 70 to about 1,500, loss tangents of from about 0.005 to about 0.02 (10 GHz)/and 
tunabilities of from about 5 to greater than 50 percent at electric field strengths of 10 V/micron. 

The present thick fihn composite materials preferably comprise a baritun 
strontium titanate (BaTiOa-SrTiOs) electronically tunable phase. However, other electronically 

25 tunable dielectric materials may be used partially or entirely in place of barium strontixmi 

titanate. An example is BaxCai.xTiOa, where x is from about 0.2 to about 0.8, preferably from 
about 0.4 to about 0.6. Additional electronically tunable ferroelectrics include PbxZri.xTiOa 
(PZT) where x ranges from about 0.05 to about 0.4, lead lanthanum zirconium titanate (PLZT), 
PbTiOs, BaCaZrTiOa, NaNOs, KNbOa, LiNbOa, LiTaOa, PbNbzOe, PbTaaOe, KSr(Nb03) and 

30 NaBa2(Nb03)5KH2P04. 

The additional non-tunable dielectric phase(s) may include MgO, MgAl204, 
MgTiOs, Mg2Si04, CaSiOs, MgSrZrTiOe, CaTiOa, AI2O3, Si02 and/or other metal silicates 
such as BaSiOs and SrSiOs. The non-tunable dielectric phases may be any combination of the 
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above, e.g., MgO combined with MgTiOs, MgO combined with MgSrZrTiOe, MgO combined 
with Mg2Si04, MgO combined with Mg2Si04, Mg2Si04 combined with CaTiOa and the like. 

Additional mmor additives in amounts of from about 0.1 to about 5 weight 
percent can be added to the composites to additionally improve the electronic properties of the 
5 films. These minor additives include oxides such as zirconnates, tannates, rare earths, niobates 
and tantalates. For example, the minor additives may include CaZrOs, BaZrOa, SrZrOs, 
BaSnOa, CaSnOs, MgSnOs, Bi203/2Sn02, Nd203, Pr70n, Yb203, H02O3, La203, MgNbsOe, 
SrNb206, BaNbsOe, MgTazOs, BaTasOe and Ta203. 

The composite materials preferably have controlled particle sizes. Particle sizes 

10 of from about 0.2 to about 5 microns are preferred, more preferably from about 0.2 to about 2 
microns. The particle size of the electronically tunable phase does not have to be the same size 
as the non-tunable phase. In many cases the electronically tunable phase particle size is larger 
than that of the non-tunable phase. However, the electronically tunable phase may be smaller 
than the non-tunable phase in some embodiments. 

15 Preferred composite thick films of the present invention comprise Bai-xSrxTi03, 

where x is from 0.3 to 0.7 in combination with at least one non-tunable dielectric phase 
selected from MgO, MgTi03, MgZrOa, MgSrZrTi06, Mg2Si04, CaSi03, MgAl204, CaTi03, 
AI2O3, Si02, BaSiOs and SrSiOs. These compositions can be BSTO and one of these 
components or two or more of these components in quantities from 0.25 weight percent to 80 

20 weight percent with BSTO weight ratios of 99.75 weight percent to 20 weight percent. A 
typical composition maybe Bao.ssSr 0.45TiO3 (56 weight percent) and MgTiOs (24 weight 
percent) and MgO (20 weight percent). The dielectric constant (10 GHz) of this particular 
material is 364, loss tangent (10 GHz) = 0.022, and tunability = 22.00 percent at 2.0 V/jim. 

As used herein, the term "electronically tunable dielectric material" means a 

25 material that exhibits a variable dielectric constant upon the apphcation of a variable voltage 
and/or current. The term "voltage tunable dielectric material" as used herein means a material 
that exhibits a variable dielectric constant with a variable applied voltage. Dielectric constant 
is related to the energy storage in the material, whereas the loss tangent is related to the power 
dissipation in that same material. In general, the dielectric ftinction is a complex quantity with 

30 8= 8'-ie" and the loss tangent, tan 8 = 8"/8-0.03 (at 30 GHz). The tunability may be defined as 
the dielectric constant of the material with an applied voltage divided by the dielectric constant 
of the material with no apphed voltage. Thus, the percentage tunability may be defined by the 
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formula T=((X-Y)/X)»100, where X is the dielectric constant with no voltage and Y is the 
dielectric constant with a specific applied voltage. 

The tunability of the present thick films, e.g., under an applied electric field of 
2,0 V/micron preferably ranges firom about 1 to about 60 percent, more preferably firom about 5 
5 to about 30 percent, depending on the composition of the thick film employed and the gap size 
of the metallization utihzed in the device. 

The thick films encompassed by the present invention are superior in that they 
are homogeneous, extremely dense, can be deposited on low-cost ceramic substrates, can be 
deposited in large areas, e.g., up to 12 inches or more, and possess superior electronic 

10 properties at both dc voltages and at microwave operating frequencies. 

Although thick fihn printing has been used to deposit various electronic 
materials, BSTO or other electronically timable dielectrics have not conventionally been 
combined with non-tunable dielectric oxides or additives in thick fikn format to adjust the 
electronic properties and phase shifting/tunability of thick fihn materials. The use of the thick 

15 fihn materials in a phased array antenna system in accordance with the present invention 

enables the fabrication of low cost phased array antennas due to the elimination of low noise 
amplifiers and other electronics. Also, tlie deposition of the material onto low cost substrates 
substantially reduces the cost of the phase shifting elements. 

To prepare the present composite materials, powder forms of, for example, 

20 BaTiOs and SrTiOa or CaTiOs and SrTiOa may be combined with the desired additive oxide(s) 
and mixed to fomi the desired stiochiometry. The powders may be ball-milled in a solvent 
such as water or ethanol using alumina or zirconia grinding media for 24 hours. The resulting 
mixture is air-dried to evaporate the solvent. The powders are then calcined to form the 
compound of choice. Calcination temperatures are most often 200°C lower than the final 

25 sintering temperatures of the bulk ceramic parts. The sintering temperature of the bulk 
ceramics may be determined by iteratively firing the parts until the maximum density is 
achieved. The resulting compounds are then mixed with the oxides and any dopants using the 
same method as described above. After air-drying the powders, the resulting ndxture is 
blended with a polymeric binder. Suitable vehicles include a solvent such as acetate, xylene or 

30 ethanol, a binder such as acrylic, vinyl or ester, a medimn such as cellulose, resin or glycol, and 
optionally glass particles. The percentage of binder to ceramic powders depends on the density 
and particle size of the ceramic powder, preferably firom about 60 to about 80 weight percent 
oxide powder and fi-om about 20 to about 40 weight percent binder. For example, a typical 
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mixture may be 70 grams of ceramic to 30 grams of binder. The mixture can be milled in an 
attritor mill or a three roll mill to achieve proper consistency. The resultant slurry can then be 
applied to the substrate of choice by screen printing or spray techniques, and sintered to foil 
density. The slurry can be applied as a single composition or multiple layers of varying 
5 compositions. These structures can include layers of metal electrodes or buried resistive layers. 
The sintering temperature of the films may be less than that of the comparable bulk ceramic, 
e.g., 100 or 200''C less than the bulk ceramic. 

The electronic properties of the present tunable dielectric thick film composites 
may be adjusted, for example, as hsted in Tables 1 and 2. The material designation "55.10" in 

10 Table 1 means 90 weight percent Bao.55Sro.45Ti03 with 10 weight percent of second phase 
additive such as Mg2Si04. Also in Table 1, the designation "55.30 + 10%'* means 
Bao.55Sro.45Ti03 with 30 weight percent second phase of MgTiOa plus 10 weight percent MgO. 
In Table 2, the designation "55.60 + MgTa206" means Bao.55Sro.45Ti03 with 60 weight percent 
MgO and 0.5 mol percent MgTa206. 

15 Table 1 

Dielectric Properties BSTO/Oxide Ceramic Materials 





Dielectric 


Loss 


Dielectric 


Loss 


Tunability 


Tc 




1 MHz 


1 MHz 


10 GHz 


10 GHz 


2V/nm 


°C 
















Bao.55Sro.45Ti03/Mg2Si04 














55.10 


1508.7 


0.00026 






18.08% 




55.20 


857.9 


0.0003 


726.2? 


0.02 


15.10% 




55.30 


315 


0.0009 


211.54 


0.0177 


17.35% 


-30 


55.40 


277.38 


0.0004 


225.67 


0.0185 


16.80% 




55.50 


79.82 


0.0005 


76.46 


0,0145 


10.06% 




55.60 


64.79 


0.0003 


46.4 


0.0087 


6.72% 


















BacssSr 0,45 TiOs/CaSiOs 














55.10 


740.5 


0.0006 






9.57% 




55.15 


347.7 


0.0019 






4.03% 




55.20 


138.2 


0.0012 






0.31% 




55.30 


84.5 


0.00018 






0.20% 


















Bao.55Sro,45Ti03/MgSrZrTi06 














55.20 


780 


0.0012 






16.30% 


-30 


55.25 


590 


0.001 






14.70% 


-35 


55.30 


371 


0.0009 






14.00% 


-40 


55.40 


179.8 


0,0006 






6.40% 




60.30 


521 


0.0013 






17.60% 


-25 
















BaojsSr o^sTiOj/CaTiOa 














55.20- 


1941.6 


0.0011 






26.50% 


-35 


55.60- 


319.2 


0.0008 






0.55% 
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Dielectric 


Loss 


Dielectric 


Loss 


Tunability 


Tc 




1 MHz 


1 MHz 


10 GHz 


10 GHz 


IV/lim 


°C 
















Bao.55Sr o.asTiOs/MgTiOs/MgO 














55.30+ 10% 


788 


0.00066 


598 


0.025 


27.10% 


-20 


5530 + 20% 


460 


0.00068 


364 


0.022 


22.00% 


-20 


55,30 + 50% 


72.8 


0.00046 


68.29 


0.013 


6.20% 


-25 


55.30 + 60% 


43.8 


0.00088 


45.12 


0.0077 


2.40% 


-30 
















Bao.55Sr 0.45TiO3yMgSr2rTiO6/MgO 














55.30 + 10% 


775 


0.00042 


597 


0.0277 


25.90% 


-25 


55.30 + 20% 


546 


0.00081 


382 


0.0232 


20.00% 


-30 


55.30 + 50% 


80.6 


0.00044 


74.23 


0.0106 


7.90% 


-35 


55.30 + 60% 


49.9 


0.00099 


47.11 


0.0081 


3.60% 


-40 
















Bao.j55Sr 0.45TiO3/MgAl2O4/MgO 














55.40 + 20% 


204.6 


0.0015 






13.80% 


-30 


55.60 + 20% 


69.5 


0.0015 


57.3 


0.029 


11.00% 


-25 
















BaossSr 0.45TiO3/Mg2SiO4/MgO 














45.50 + 1% 


129.7 


0.0013 


107.16 


0.0155 


7.3% 




45.50 + 2% 


134.4 


0.0015 






9.3% 




45.50 + 3% 


133.1 


0.0033 






7.9% 


-60 


45.50 + 5% 


111.9 


0.0029 






9.5% 


-60 


45.55 + 1% 


96.0 


0.0013 


80.99 


0.0118 


6.7% 




45.55 + 2% 


99.0 


0.0024 






7.8% 


-55 


45.55 + 3% 


90.6 


0.0021 






7.0% 


-55 


45.55 + 5% 


101.9 


0.0023 






9.9% 


-60 


50.40 + 1% 


400.6 


0.0012 






26.2% 


-20 


50.40 + 5% 


437.9 


0.0016 






24.8% 


-30 


55.30 + 5% 


432.2 


0.0013 






11.4% 


-40 


55.30 + 20% 


234.0 


0.0021 






8.0% 




55.60 + 30% 


31.3 


0.0029 






2.1% 


















BaojsSr 0.45TiO3/CaTiO3/Mg2SiO4 














55.20 + 10% 


876.6 


0.0024 






15.9% 




55.20 + 20% 


596.6 


0.0032 






19.4% 




55.20 + 40% 


266.0 


0.0023 






6.5% 
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Table 2 



PCT/US01/19116 



Dielectric Properties of BSTO/Oxide Bulk Ceramic 
Materials with Selected Additives 





Dielectric 


Loss 


Dielectric 


Loss 


Tunability 


Tc 




1 MHz 


1 MHz 


10 GHz 


10 GHz 


2V/nm 


°C 
















Ba cssSr 0.45TiO3/MgO/ 0.5 mol% 
Rare Earth Oxides ) 














55.60 + Ce02 


100.8 


0.00089 




0.0069 


4.77% 


-65 


55.60 +La203 


91.4 


0,0003 


95.76 


0.0115 


7.18% 


-80 


55.60 +Dy203 


104.7 


0.0004 


104.08 


0.014 


4.44% 


-70 


55.60 +Er203 


106.7 


0.0016 


107.38 


0.019 


4.44% 


-75 


55.60 + Sm203 


100.5 


0.0004 


109.5 


0.0358 


5.25% 


-75 


55.60 + Yb203 


109.6 


0.0011 


101.87 


0.01 


4.86% 


-80 


55 60 + Gd^O^t 


89.1 


0.00081 






4.85% 




55 60 + Ho^O:! 


92.5 


0.00059 


95.13 


0.0119 


4.81% 




55 60 + Pr-rOit 


52.8 


0.00087 


52.15 


0.0059 


3.38% 




55 60 + Yb-,0, 


96.1 


0.0016 


95.25 


0.0377 


5.41% 




55 40 + Pr-»0.,- 


200.4 




169.1 


0.0086 


5.30% 


















"Rflrt^rrSr ^ ^cTin-./M£rn/ 0 5 Tnol% 
7iTf^ mrn atp<; 




0 00042 










55 60 + SrZrOa 


100.1 


0.00048 






5.50% 


-50 


55 60 -f BaZrO-i 


94.5 


0.00052 






6.10% 




55 60 + CaZrOi 


98 








6.20% 


















J^<*0.55'^iO,45 lvy3/ iVlgw/ V/. J iliui /O 
a uTi SI ^ A c 




0 00046 










55 60 + BaSnOri 

JJ.\J\J ' XJaoii^^3 


76 


0 00048 






4.30% 


-50 




77 6 


0 0006 






4.00% 


-50 




88.5 




93.6 


0.0065 


7.10% 
































55.60 + MgNb206 


93.1 


0.00085 


93.3 


0.0089 


7.20% 




55.60 + SrNb206 


98.4 


0.0007 






6.30% 




55.60 + BaNb206 


96.7 








6.60% 


















Bao.55Sro.45Ti03/MgO/ 0.5 mol% 
Tantalates 




0.00091 










55.60 + MgTa,06 


85.1 


0.00085 


83.7 


0.0087 


6.20% 




55.60 + BaTa206 


91 








7.00% 





The electronically tunable thick film composites listed in Tables 1 and 2 have 
5 loss tangents and dielectric constants that can be used, for example, for antenna applications. 
The composition of the thick films can be adjusted as to produce electronic properties which 
can be tailored for use in various devices such as varactors, phase shifters, filters, and in 
integrated phased array anteimas. 

The C(pF) and loss tangents for Bao.6oSr o.4oTi03 (60 weight percent) and MgO 
10 (20 weight percent) thick film on MgO substrate are shown in Figs, la-lf at jfrequencies of 3, 
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10 and 20 GHz. As shown in the figures, the change in capacitance is approximately 2 to 1 at 
all frequencies measured, and the loss does not exceed 0.02 even at frequencies up to 20 GHz. 

In Figs, 2a and 2b the loss tangent and capacitance for various compositions are 
shown (Sample No. 2= Bao.6oSro.4oTi03 /20 weight percent MgO; Sample No. 4= 
5 Bao.55Sro.45Ti03 /20 weight percent MgO; and Sample No. 5= Bao.55Sro.45Ti03 /30 weight 

percent MgO). As shown in Fig. 2b, the loss tangents for two of the compositions are less than 
0.012 at all bias applications. 

In Figs. 3a, 3b, 4a and 4b, the capacitiance and loss tangent of the Bao.eoSr 
o.4oTi03 (60 weight percent) and MgO (20 weight percent) thick fihn on a MgO substrate is 
10 shown as a function of applied voltage and temperature at frequencies of 20 and 30 GHz. The 
capacitance and loss increase as the temperature is decreased, although the loss does not exceed 
0.02 at room temperature. Therefore, the recommended operating range for this particular 
thick film composition is above -30 C. 

As shown in the above figures, the loss tangents and capacitance decrease with 
15 increases in applied voltage. Also as shown in the figures, the loss tangents for the materials 
are about 0.005 (Q = 1/ loss tangent = 200) at 3 GHz, 0.013 at 10 GHz (Q=80) and 0.02 at 20 
GHz (Q=50). The Cmie temperature for this composition of thick film is approximately - 
30°C. Therefore, the loss and capacitance without an applied voltage increase at -30°C, 

The dielectric constants and the loss tangents measured at 1-3 GHz for various 
20 compositions of thick fihn tunable planar varactors deposited on MgO are shown in Table 3. 



Table 3 

Voltage Tunable Thick Fihn Planar Varactor Data 
(20 micron gap) (film thickness = 4-6|LLm) 



Material 


Frequency 


Dielectric 
Constant 


Loss 
Tangent 




Applied 
Electric Field 


60.20 


1.5 GHz 


980 


0.0025 


1.875 


15 VMm 


55.30 


1.5 GHz 


825 


0.0025 


1.8-2.0 


10-12 V/^m 


55.30 


3.0 GHz 


780 


0.005 






55.20 


1.5 GHz 


650 


0.0022 


1.8-2.2 


10-15 V/nm 


60.40 


1.5 GHz 


425 


0.0020 


1.6 


10 V/^m 


55.40 


1.5 GHz 


250 


0.0018 


1.8 


17 V/^im 



The material designations in Table 3 are equivalent to the following 
25 compositions: 60.20 = Bao.eoSr o.4oTi03 (60 weight percent) and MgO (20 weight percent); 
55.30 = Bao.55Sr o.45Ti03 (60 weight percent) and MgO (30 weight percent); 55.20= Bao.ssSr 
o.45Ti03 (60 weight percent) and MgO (20 weight percent); 55.40 = Bao.55Sr 0.45TiO3 (60 
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weight percent) and MgO (40 weight percent); and 60.40= Bao.eoSr o,4oTi03 (60 weight percent) 
and MgO (40 weight percent). The Q values of the materials Usted in Table 3 are about 200- 
500 at these frequencies. 

Table 4 contains the 10 GHz data for similar thick compositions on MgO 
5 substrates onto which interdigitated varactors have been pattemed (60.60= Bao.eoSr o.4oTi03 (60 
weight percent) and MgO (60 weight percent). These varactors have Q's as high as 90-100. 



Table 4 

Voltage Tunable Thick Fihn Interdigitated Electrode (IDE) 
Varactors measured at 1 0 GHz (film thickness = 4-6|Lim) 





Dielectric 


Loss 


Tvmability 


GAP 


Finger 


Material 


Constant 


Tangent 


(%) 


(urn) 


Length (jim) 


60.60 


118 


0.0156 


26 


8 


80 


55.40 


291 


0.0149 


12.2 


10 


80 


55.20 


704 


0.0103 


13.9 


10 


80 


55.30 


527 


0.0120 


23.7 


6 


80 


60.40 


423 (5GHz) 


0.009 (5 GHz) 


31.6 (5 GHz) 


6 (5 GHz) 


80 (5 GHz) 


60.40 


395 


0.013 









1 0 The switching speed of the Bao.eoSr o.4oTi03 (60 weight percent) and MgO (20 

weight percent) thick fihn is extremely fast, e.g, 90-95 percent of the switching occurs in about 
30ns, with a small percentage, e.g., 5 percent occuring in 10-20 |as. The switching speed of 
these films is therefore very rapid. 

The intermodulation distortion of the Bao.eoSr o.4oTi03 (60 weight percent) and 
15 MgO (20 weight percent) thick film is shown in Fig. 5. The third order intermodulation 
products (IPS) of the film is greater than 48 dBm at an mput power level of 0.5 Watts. 

Additionally, control of the particle size of the starting materials can fiirtlaer 
modify the thick film composite properties described above. This can be done, for example, by 
the addition of nano-size BSTO to the micron size BSTO matrix, or by reducing the overall 
20 particle size of the BSTO. 

The results for the Bao.eoSr o.AoTiOs (60 weight percent) and MgO (20 weight 
percent) on MgO substrate thick films are shown in Table 5. 
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Table 5 
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Thick Film IDE Varactors with reduced particle size BSTO 
measured at 10 GHz (film thickness =4-6 jum) 



Material 


Dielectric 
Constant 


Freq. 


GAP 


Finger 
Length i]im) 


Tunability 
(%) 


Loss 
Tangent 


60.20 
micron 


980 


5 GHz 


6 


80 


24.2 


0.025 


60.20 

sub-micron 


850 


5 GHz 


6 


80 


31.6 


0.008 


60.20 
nano-size 


840 


10 GHz 


8 


80 


27.6 


0.013 



As shown in Table 5, use of either sub-micron size and/or nano-size starting 
5 materials reduces the insertion loss of the composite thick films and increases the tunability 
(appUed electric field of 5-6.7 / micron). 

The capacitance and loss tangent for a reduced particle size BSTO composite 
film listed in Table 5 is shown Fig. 6a and 6b. Reducing the particle size reduces the loss 
tangent without reducing the timability. 
10 The thick film composite materials can be deposited onto non-single crystal 

substrate materials such as alumina. The results for a Bao.6oSr o.4oTi03 (60 weight percent) and 
MgO (20 weight percent) thick film deposited on a alumina substrate are shown in Table 6. 

Table 6 

Thick Film IDE Varactors deposited onto both single crystal (MgO) 
15 and ceramic (AI2O3) substrates measured at 10 GHz (film thickness =4-6 |j.m) 



Material 


Dielectric 
Constant 


Freq. 


GAP 
(um) 


Finger 
Length (nm) 


Timability 
(%) 


Loss 
Tangent 


60.20 

MgO substrate 
(single crystal) 


980 


5 GHz 


6 


80 


24.2 


0.025 


60.20 
alumina 
substrate 
(ceramic) 


825 


10 GHz 


6 


60 


12.8 


0.026 



The present voltage tunable dielectric varactors have Q factors of about 80-500 
from 1-40 GHz. In addition, the tunable dielectric varactors have increased RF power handling 
capability and reduced power consumption and cost. The thick film voltage tunable planar 
varactors have a planar electrode with a predetermined gap distance on a single or multiple 
20 layer thick film. The applied voltage produces an electric field across the gap of the tunable 
dielectric which produces an overall change in the capacitance of the varactor. The width of 
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the gap can range from 10 to 50 |j,m depending on the performance requirements. The varactor 
can be in turn integrated into a myriad of tunable devices such as those commonly used in 
conjuction witli semiconductor varactors. Examples of these are phase shifters and tunable 
filters. Other devices include those Usted at various other frequencies as well as maay other 
5 devices such as resonators, switches and voltage controlled oscillators. Commercial 
appUcations for the thick film varactors include (a) L-band (1-2 GHz) tunable filters for 
wireless LAN systems, and PCS systems, and (b) Kuband (12-18 GHz) for use in Direct TV 
and (e) Ka band tunable filters for satellite commimications and LMDS systems. 

Varactors patterned on the composite thick fihns were evaluated. A varactor 

10 pattern 10 is shown in Figs. 7a and 7b. The varactor 10 includes a ceramic substrate 12, an 
electronically tunable thick film composite 14, and a patterned metal layer 1 6 forming a gap g. 
The high voltage breakdown strength of the thick film composite varactor is shown in Fig. 8. 
The thick film can withstand over 40 V/|j,m. The power handling capability is over 4-10 Watts/ 
film and can be increased by -5 when used in multiple pole RF devices. 

1 5 Another Bao.55Sro.45Ti03/20 weight percent Mg2Si04 composite material 

demonstrates excellent microwave properties, as shown in Fig. 9. 

Figs. 1 0-1 1 show the design and performance of a hybrid coupler rat race phase 
shifl;er centered at 1 .8 GHz. The constmction 20 contains a rat-race coupler, two reflective 
temiinations and a bias circuit. The reflective terminations consist of a series combination of a 

20 tunable dielectric varactor and an inductor. Two dc blocks are mounted on the arms of the 

input and output. The DC block may be a surface mounted capacitor or a distributed passband 
filter. The figure-of-merit is 1 10-150 deg/dB, relative phase shift error is less than 3 percent in 
the operation fi-equency range of 1 .8 - 1 .9 GHz. The insertion losses of 0.9 dB include 0.5 dB 
of mismatch and metal loss. 

25 Figs, 12 and 13 show the measured response of a tunable filter. A fin line 

structure that incorporates four voltage tunable planar single gap varactors may be used. The 
fitn line constmction is comprised of three stmctures that include either foil plates or a printed 
circuit board configuration. This is placed at the center of the waveguide. The central plate is 
insulated from the waveguide by mica. Two tunable dielectric varactors are soldered in the end 

30 of every fin line resonator between the plates or on the printed structure. 

As shown in Fig. 12, in the frequency range of the tuning of 18 to 22 GHz, AF is 
approximately 0.8 GHz (about 4 percent). The filter demonstrates a bandwidth of 
approximately 2 percent. The reflection coefficient for the central frequency was not more than 
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-20 dB for any point of the tuning range. The number of bands ( f) of the filter which was 
contained in this frequency range of the tuning ( F) was about F/ f 2. 

As shown in Fig. 13, in the frequency range of the tuning of 25 to 29 GHz, AF is 
approximately 0.6 GHz (about 2.2 percent). The fiUer demonstrates a bandwidth of 
5 approximately 2.8 percent. Both filters have demonstrated insertion losses less than 1 dB. 

In addition, the present thick film composites can be used to fabricate planar 
transmission line devices 30, such as the one shown in Figs. 14a and 14b comprising a metal 
holder 31, a ceramic substrate 32 such as MgO, an electronically tunable tliick fihn composite 
33, and a coplanar waveguide 34. The main planar transmission line of the waveguide 34 has a 

10 characteristic impedance of around 20 ohms. Two tapered co-planar lines are added to the 
ends of the main co-planar line to match the 20-ohm to 50-ohm impedance. The co-planar 
phase shifter can be terminated with either co-planar or microstrip lines. For the latter case, the 
50-ohm co-planar waveguide is transformed to the 50-ohm microstrip line by direct connection 
of the central line of the co-planar line to the microstrip line. The ground planes of the co- 

15 planar line and the microstrip line are connected through the side edges of the substrate. The 
phase shift comes firom application of dc voltage across the gaps of the co-planar line. 

An alternate construction to the co-planar thick film tunable dielectric phase 
shifter 30 shown in Figs. 14a and 14b is shown in Fig. 15. This construction 40 includes a 
bottom electrode 46a between the thick fihn 44 and flie substrate 42, which lowers the 

20 necessary DC voltage, simplifies the bias circuit, and increases the breakdown strength of the 
device. An upper electrode 46b is deposited on the thick film 44. 

Reflective phase shifters such as the one schematically shown in Fig. 16 are 
fiirther examples of apphcations of the present thick film tunable dielectric composites. The 
phase shifter has a 50-ohm microstrip line 1 connected to the RF input and output. The 50- 

25 ohm microstrip line is equally divided into two quarter wave length microstrip lines 2 with 

characteristic impedance of about 70 olims. The two quarter-wave length microstrip lines 2 are 
transformed into co-planar waveguide (CPW) 3, and matched into lines 1 and 3. The two 
CPW lines 3 have characteristic impedance of about Zo2~15 ohms and Zo3=18 ohms, 
respectively. The Z02 and Z03 correspond to zero bias voltage. The resonant fi-equencies of the 

30 CPW resonators are sUghtly different and are detemiined by the electrical lengths of Z02 and 
Z03. The slight difference of the Z02 and Z03 are helpful in reducing the phase error with a wide 
bandwidth. Phase shifting is accomplished by changing the dielectric constant of the thick film 
by application of a DC voltage across the gaps of the CPW 3. The electrical lengths, Z02 and 
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Zo3, and the bias voltage across the CPW determine the amount of phase shift. The ground 
planes of the CPW and the microstrip line are connected through the side edges of the 
substrate. The RF signal is reflected at the open ends of the CPW. 

Another alternate constniction 50 for a tunable filter containing tunable 
5 resonator using the present tixnable dielectric tliick films in a vertical or planar configuration is 
schematically shown in Figs. 17a and 17b. The resonator can be tuned by a tunable varactor or 
directly (as shown) with a tunable dielectric thick film. Figs. 17a and 17b show a non-timable 
dielectric resonator onto which a thick film tunable dielectric is deposited. The following 
calcuation illustrates an example of the operation of such a tunable resonator. The non-tunable 

10 material 51 has a thickness of tl=19 mils and a dielectric constant of kl=50. The tunable 
dielectric thick film 52 has a thickness of t2=l mil and a dielectric constant (at zero bias) k2 
=300 and a tunability of 50 percent, at 8 V/um. The effective dielectric constant, k, where 
t-tl/(tl+t2), equal to k=t*kl + (l-t)*k2=62.5. 

The dielectric constant tunable film under 8 V/|j.m bias, which is 203.2 V, 

15 k2=150. The total k=t*kl 4- (l-t)**^k2=55 and the tuning of the resonator=12 percent. The 
resonating firequency (F) at non-bias, in this case, using, k=62.5, L=tl-ft2=20mils=0.2" and 
D=the diametei=0.5": 

8.553 
U J 

Under bias, with k=55, the fi-equency shifts to ft-om 3.1 8GHz to 3.39GHz. This represents a 
20 total shift in firequency of resonating fi-eq.=(3.39-3.18)/sqrt(3.18*3.39)=6.4 percent. A tunable 
resonator can also be constructed using the varactors shown in Figs. 7a and 7b. 

An air-filled varactor tuned combline resonator 60 is schematically shown in 
Fig. 18. The resonator 60 includes a metal top plane 61, a metal bottom plane 62, a metal inner 
post 63, 64, a metal side enclosure 65, and a tunable dielectric thick film varactor 66. Without 
25 the varactor 66 embedded in the stmcture, it is an air-filled conventional combline resonator. 
Since the gap between the iimer rods 63 and 64 is usually designed small, larger capacitance is 
created, which greatly results in the reduction of the resonator length. If we put the varactor in 
the gap, the capacitance of this capacitor can then be tuned by applying the voltage on the 
varactor. Electrically, the length of the resonator is changed, i.e., the resonant frequency of the 
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resonator is electronically tuned. A 10 percent tunability by using the tunable dielectric 
varactor can be expected. 

Fig. 19 is a partially schematic side sectional view of a multi-layer stmcture 70 
comprising multiple layers of tlie electronically tmiable thick film composite 72, and multiple 
5 thin film metalization layers 74. 

The metallization of the voltage tunable thick film devices described in this 
invention can be accomplished by any suitable method. Typical metallization would be 
photolithograpic process of a thin layer of Ti with a thicker layer of gold. Thick film 
metallization of gold may also be used where applicable. Ground plane metallization of the 
10 vertical stmctures most cases will accomplished using a thick film ink such as Pt or Pd/Au. 

Accordingly, the present invention, by utililizing the unique application of low 
loss ( tari5<0.03) thick film dielectrics of controlled dimension provides a high frequency high 
power varactor that surpasses the high frequency (>3 Ghz) performance of semiconductor 
varactors. The utilization of these varactors in tunable devices is also provided by this 
15 invention. Although several examples of varactors and other thick film devices have been 
illustrated herein, many other applications and modifications of devices may be obvious to 
those skilled in the art. 

Whereas particular embodiments of this invention have been described above 
for purposes of illustration, it will be evident to those skilled in the art tat numerous variations 
20 of the details of the present invention may be made without departing from the invention as 
defined in the appended claims. 
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WHAT IS CLAIMED IS : 

1 . An electronically tunable thick film dielectric composite material having 
a thiclcness of from about 2 to about 25 microns, and comprising at least one electronically 
tunable dielectric phase and at least one substantially non-tunable dielectric phase. 
5 2. The electronically tunable thick film dielectric composite material of 

Claim 1, wherein the material has a tunability of at least 1 percent under an applied electric 
field of 2 V/micron. 

3. The electronically tunable thick film dielectric composite material of 
Claim 2, wherein the tunability is at least 5 percent. 
10 4. The electronically tunable thick fihn dielectric composite material of 

Claim 1, wherein the material exhibits a loss tangent of less than 0.03 at a frequency of 
10 GHz. 

5. The electronically tunable thick film dielectric composite material of 
Claim 4, wherein the loss tangent is less than 0.02. 
15 6. The electronically tunable thick film dielectric composite material of 

Claim 1, wherein the material has a thickness of from about 3 to about 15 microns. 

7. The electronically tunable thick film dielectric composite material of 
Claim 1, wherein the at least one electronically txmable dielectric phase comprises bariiim 
strontium titanate. 

20 8. The electronically tunable thick film dielectric composite material of 

Claim 7, wherein at least a portion of the barium strontixmi titanate is provided from sub* 
micron particles. 

9. An electronically tunable device comprising: 
a ceramic substrate; and 

25 at least one electronically tunable thick film composite material 

including at least one electronically tunable dielectric phase and at least one substantially non- 
tunable dielectric phase, and being positioned on the ceramic substrate. 

1 0. The electronically tunable device of Claim 9, wherein the electronically 
tunable thick film composite material has a thickness of from about 2 to about 25 microns. 

30 1 1 . A multilayer electronically tunable device comprising: 

at least one layer of an electronically tunable thick fihn dielectric 
composite material including at least one electronically tunable dielectric phase and at least one 
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substantially non-tunable dielectric phase; and at least one thin film metallization layer 
adjacent to the layer of electronically tunable thick film dielectric composite material. 

1 2 . The multilayer electronically tunable device of Claim 1 1 , wherein the 
device comprises at least two layers of the electronically tunable thick film dielectric composite 

5 material, and at least two of the thin film metallization layers. 

13. The multilayer electronically tunable device of Claim 11, wherein the 
electronically tunable thick film dielectric composite material and the thin film metallization 
layer are cosintered, 

1 4. The multilayer electronically tunable device of Claim 1 1 , wherein the 
10 layer of electronically tunable thick film composite material has a thickness of from about 2 to 

about 25 microns. 
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